Introduction {#s1}
============

Cancer is a leading cause of death worldwide and it accounted for 7.6 million deaths (13% of all deaths) in 2008 [@pone.0040590-WHO1]. In Western countries as well as Taiwan, lung cancer, breast cancer, colorectal cancer, prostate cancer, and head and neck cancer are the most common causes of malignant tumors [@pone.0040590-WHO1], [@pone.0040590-Jemal1], [@pone.0040590-Bureau1]. Cancer treatment is now a serious socioeconomic problem and an important public health issue which deserves more attention.

A positive association with caseload volume and outcomes has been observed in many procedures and cancer surgeries [@pone.0040590-Gruen1], [@pone.0040590-Begg1], [@pone.0040590-HaroldS1]. Previous studies have indicated that increased numbers of procedures for hospitals or surgeons were associated decreased perioperative morbidity and complications, or shortened length of stay [@pone.0040590-Gruen1], [@pone.0040590-Goodney1]. For lung cancer, breast cancer, and colon cancer surgeries, patients who underwent treatment at hospitals or with surgeons that perform a large number of procedures are likely to survive longer than others [@pone.0040590-Bach1], [@pone.0040590-Schrag1], [@pone.0040590-Roohan1] [@pone.0040590-Luft1], [@pone.0040590-Halm1]. Part of this phenomenon could be explained by the understanding that "practice makes perfect;" "selective referral" may be an alternative explanation in other cases [@pone.0040590-HaroldS1], [@pone.0040590-Cheng1]. Most studies explored the benefits of increased caseload and cancer operative mortality or survival rates at the hospital level or surgeon level. The combined effects of surgeon and hospital caseloads on cancer operative mortality rates has been explored in the past, but there is little data available on the combined effects of surgeon and hospital caseloads on cancer survival rates [@pone.0040590-Schrag2], [@pone.0040590-Birkmeyer1].

The purpose of this study was to test the hypothesis that cancer patients treated by low-volume surgeons in low-volume hospitals incur poor survival rates, compared with those treated by high-volume surgeons in high-volume hospitals.

Materials and Methods {#s2}
=====================

Ethics Statements {#s2a}
-----------------

This study was initiated after being approved by the Institutional Review Board of Buddhist Dalin Tzu Chi General Hospital, Taiwan. Because the identification numbers and personal information of the individuals included in the study were not included in the secondary files, the review board stated that written consent from patients was not required.

Patients and Study Design {#s2b}
-------------------------

We used data from 2002 to 2006 from the National Health Insurance (NHI) Research Database, which covered medical benefit claims for over 23 million people in Taiwan (approximately 97 percent of the island's population). Patients with major cancers in Taiwan, including breast cancer, colorectal cancer, lung cancer, prostate cancer, and head and neck cancer, who received surgical treatment with or without adjuvant therapy in the year 2002 were included ([Appendix S1](#pone.0040590.s001){ref-type="supplementary-material"}). Physicians were sorted by their total patient volumes using unique physician identifiers in this database. Patients were assigned to be treated by low-volume and high-volume surgeons. Hospitals were sorted using similar methods [Figure 1](#pone-0040590-g001){ref-type="fig"}) [@pone.0040590-Lin1]. Detailed procedures for defining high or low caseload were explained in [Figure 1](#pone-0040590-g001){ref-type="fig"}. The cancer patient data was then linked to mortality data for the years 2002 to 2006.

![Procedure for definition of hospital volume and surgeon volume.\
(1) Hospitals were further categorized by their total patient volume by using unique hospital identifiers in this database. The cancer patients fell in to three approximately equal groups based on hospital volume. (2) Surgeons were further categorized by their total patient volume by using unique hospital identifiers in this database. The cancer patients fell in to three approximately equal groups based on surgeon volume. (3) These cancer patients were then linked to the death data extracted from the catastrophic illness and cancer dataset covering the years 2002--206. (4) 5-year survival of the cancer patients were analyzed according to hospital volume or surgeon volume stratified by tumor sites. (5) In Lung cancer and prostate cancer, survival curves of the medium and low hospital/surgeon group were similar. So the medium and low groups were merged as the "low volume". (6) In breast cancer, colorectal cancer, and head and neck cancer, survival curves of the high and medium hospital/surgeon group were similar. So the high and medium groups were merged as the "high volume". (7) The cutoff point of each cancer in hospital level or surgeon level was derived from the above procedures (5) and (6).](pone.0040590.g001){#pone-0040590-g001}

Measurements {#s2c}
------------

The key dependent variable of interest was the 5-year survival rate of cancer patients. The key independent variables were the combined effects of surgeon and hospital caseloads, which were sorted into groups based on volume (high volume hospital-high volume surgeon, high volume hospital-low volume surgeon, low volume hospital-high volume surgeon, and low volume hospital-low volume surgeon). Patient demographics included age, gender, geographic location, treatment modality, severity of disease, and individual socioeconomic status. The comorbidities of each patient was based on the modified Charlson Comorbidity Index score, which has been widely used in recent years for risk adjustment in administrative claims data sets [@pone.0040590-Deyo1].

This study used enrollee category (EC) as a proxy measure of socioeconomic status (SES), which is an important prognostic factor for cancer [@pone.0040590-Braaten1], [@pone.0040590-Kwok1]. The cancer patients were classified into 3 subgroups: high SES (civil servants, full-time or regular paid personnel with a government affiliation or employees of privately owned institutions), moderate SES (self-employed individuals, other employees, and members of the farmers' or fishermen's associations), and low SES (veterans, low-income families, and substitute service draftees) [@pone.0040590-Chen1].

Statistical Analysis {#s2d}
--------------------

The SAS statistical package (version 9.2; SAS Institute, Inc., Cary, N.C.) and SPSS (version 15, SPSS Inc., Chicago, IL, USA) were used to analyze data. A p-value of *P*\<0.05 was used to determine statistical significance.

The cumulative 5-year survival rates and the survival curves were constructed and compared using a log-rank test. Survival was measured from the time of cancer diagnosis by using overall death as censoring variables. The Cox proportional regression model and the survival analysis with propensity score stratification were used to compare outcomes between different physician caseloads.

(1) Cox Proportional Hazards Model {#s2e}
----------------------------------

The Cox proportional regression model was used to evaluate the combined effect of surgeon and hospital volume on survival rates after adjusting for demographic variables and treatment modalities. The goodness of fit of the regression model was evaluated by the deviance of −2 Log Likelihood.

(2) Propensity Score {#s2f}
--------------------

Propensity score stratification was applied to replace the wide host of confounding factors that may be present in an observational study with a variable of these factors [@pone.0040590-Joffe1], [@pone.0040590-Rubin1], [@pone.0040590-Rubin2], [@pone.0040590-Lee1]. To derive the propensity score in this study, patient characteristics were entered into a logistic regression model predicting selection for different category of the providers. The characteristics included the year in which the patient was diagnosed, age, gender, the Charlson Comorbidity Index score, geographic area of residence, and treatment modality. The effect of caseload assignment on the 5-year survival rate was analyzed within each quintile. The Mantel-Haenszel odds ratio was calculated in addition performing the Cochran-Mantel-Haenszel χ^2^ test.

Results {#s3}
=======

A total of 3620 deaths (31%) were identified from the total sample of 11677 patients that underwent curative surgery with or without adjuvant therapy between 2002 and 2006. The characteristics of the patients are summarized in [Table 1](#pone-0040590-t001){ref-type="table"}. 5933 (50.8%) cancer patients were treated by high-volume surgeons in high-volume hospitals, 1392 (11.9%) by low-volume surgeons in high-volume hospitals, 1591(13.6%) in high-volume surgeons in low-volume hospitals and 2761 (22.9%) in low-volume surgeons in low-volume hospitals. Patients treated by low-volume surgeons in low-volume hospitals were more likely to be older, reside in suburban and rural areas, live in central, southern and eastern Taiwan, and to have lower socioeconomic statuses. [Table 2](#pone-0040590-t002){ref-type="table"} showed the association of surgeons and hospitals. High-volume surgeons were more likely to perform surgeries in high-volume hospitals among breast cancer, colorectal cancer, prostate cancer and head and neck cancer treatment.

10.1371/journal.pone.0040590.t001

###### Baseline characteristics according to hospital volume and surgeon volume (n = 11677).

![](pone.0040590.t001){#pone-0040590-t001-1}

  Variable                            High volume hospital[†](#nt102){ref-type="table-fn"}   Low volume hospital[†](#nt102){ref-type="table-fn"}   *p* value[\*](#nt101){ref-type="table-fn"}                
  ---------------------------------- ------------------------------------------------------ ----------------------------------------------------- -------------------------------------------- ------------- ---------
  Mean age, years (±SD)                                     57±14.1                                                58±14.5                                          59±13.8                       62±14.6     \<0.001
  Gender                                                                                                                                                                                                      \<0.001
  Female (%)                                              3425 (57.7)                                            756 (54.3)                                        768 (48.3)                   1308 (47.4)  
  Male (%)                                                2508 (42.3)                                            636 (45.7)                                        823 (51.7)                   1453 (52.6)  
  Urbanization                                                                                                                                                                                                \<0.001
  Urban (%)                                               1983 (33.4)                                            466 (33.5)                                        486 (30.5)                   675 (24.4)   
  Suburban (%)                                            2562 (43.2)                                            588 (42.2)                                        728 (45.8)                   1285 (46.5)  
  Rural (%)                                               1388 (23.4)                                            338 (24.3)                                        377 (23.7)                   801 (29.0)   
  Geographic region                                                                                                                                                                                           \<0.001
  Northern                                                2835 (47.8)                                            675 (48.5)                                        766 (48.1)                   1187 (43.0)  
  Central                                                 1643 (27.7)                                            326 (23.4)                                        436 (27.4)                   747 (27.1)   
  Southern and Eastern                                    1455 (24.5)                                            391 (28.1)                                        389 (24.5)                   827 (30.0)   
  Socioeconomic status                                                                                                                                                                                        \<0.001
  High                                                    2969 (50.0)                                            658 (47.3)                                        761 (47.8)                   1164 (42.2)  
  Medium                                                  2396 (40.4)                                            563 (40.4)                                        660 (41.5)                   1220 (44.2)  
  Low                                                      568 (9.6)                                             171 (12.3)                                        170 (10.7)                   377 (13.7)   
  Charlson Comorbidity Index Score                                                                                                                                                                           
  0 (%)                                                   3223 (54.3)                                            753 (54.1)                                        959 (60.3)                   1723 (62.4)   \<0.001
  1--6 (%)                                                2131 (35.9)                                            494 (35.5)                                        498 (31.3)                   834 (30.2)   
  \>6 (%)                                                  579 (9.8)                                             145 (10.4)                                        134 (8.4)                     204 (7.4)   
  Adjuvant therapy                                                                                                                                                                                             0.035
  Nil (%)                                                 3461 (58.3)                                            799 (57.4)                                        936 (58.8)                   1634 (59.2)  
  Radiotherapy (%)                                         525 (8.8)                                              120 (8.6)                                        207 (13.0)                   363 (13.1)   
  Chemotherapy (%)                                        1104 (18.6)                                            286 (20.5)                                        236 (14.8)                   426 (15.4)   
  Chemoradiotherapy (%)                                    843 (14.2)                                            187 (13.4)                                        212 (13.3)                   338 (12.2)   

One way ANOVA test for continuous variable (mean age); Pearson's chi-square test for categorical variables.

Cutoff point for hospital 65 cases for female breast cancer; 61 cases for colorectal cancer; 62 cases for lung cancer; 41 cases for prostate cancer; and 78 cases for head and neck cancer.

Cutoff point for surgeon volume: 15 cases for female breast cancer; 14 cases for colorectal cancer; 6 cases for lung cancer; 8 cases for prostate cancer; and 9 cases for head and neck cancer.

10.1371/journal.pone.0040590.t002

###### The distribution of surgeons and hospitals.
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                              High volume surgeon   Low volume surgeon   *p* value       
  -------------------------- --------------------- -------------------- ----------- ---- ---------
  **Female Breast Cancer**                                                                \<0.001
  High volume hospital                46                    73              106      30  
  Low volume hospital                 17                    27              248      70  
  **Colorectal Cancer**                                                                   \<0.001
  High volume hospital                65                    77              137      34  
  Low volume hospital                 19                    23              266      66  
  **Lung Cancer**                                                                          0.738
  High volume hospital                 7                    25              20       22  
  Low volume hospital                 21                    75              71       78  
  **Prostate Cancer**                                                                     \<0.001
  High volume hospital                13                    62              34       14  
  Low volume hospital                  8                    38              212      86  
  **Head and Neck Cancer**                                                                \<0.001
  High volume hospital                32                    68              102      36  
  Low volume hospital                 15                    32              184      64  

Cox Proportional Hazards Model Analysis {#s3a}
---------------------------------------

[Table 3](#pone-0040590-t003){ref-type="table"} shows the combined effects of surgeon and hospital caseloads on 5-year survival rates. Patients treated by low volume surgeons in low-volume hospitals had the poorest survival rates ([Figure 2a--e](#pone-0040590-g002){ref-type="fig"}). [Table 4](#pone-0040590-t004){ref-type="table"} shows the adjusted hazard ratios based on the Cox proportional hazards regression model after adjusting for patient comorbidities, geographic location, type of residence, and treatment modalities. The negative association between survival and surgeon and hospital caseloads remained statistically significant in the multivariate analysis. To ensure the observed effect of volume is not influenced by older age and comorbidites, we repeat the Cox regression analysis after sequentially removing age and comorbidites. Model A (without age and Charlson Comorbidity Index Score) in [Table 5](#pone-0040590-t005){ref-type="table"} showed the impact of provider volume remained robust. Cancer patients treated by low-volume surgeons and low-volume hospitals had poorer survival rates for major cancers.

10.1371/journal.pone.0040590.t003

###### Five-year survival rate according to hospital volume and surgeon volume (n = 11677).
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  Variable                    High volume hospital[†](#nt105){ref-type="table-fn"}   Low volume hospital[†](#nt105){ref-type="table-fn"}   *p* value[\*](#nt104){ref-type="table-fn"}         
  -------------------------- ------------------------------------------------------ ----------------------------------------------------- -------------------------------------------- ------ ---------
  Female breast cancer (%)                            87.3                                                  81.0                                              87.1                      82.0   \<0.001
  Colorectal cancer (%)                               65.1                                                  57.2                                              61.5                      53.5   \<0.001
  Lung cancer (%)                                     53.1                                                  43.5                                              44.7                      30.3   \<0.001
  Prostate cancer (%)                                 77.1                                                  66.7                                              69.3                      58.9   \<0.001
  Head and neck cancer (%)                            66.3                                                  61.4                                              61.6                      57.3    0.006

Log-rank test for 5-year survival rates.

Cutoff point for hospital 65 cases for female breast cancer; 61 cases for colorectal cancer; 62 cases for lung cancer; 41 cases for prostate cancer; and 78 cases for head and neck cancer.

Cutoff point for surgeon volume: 15 cases for female breast cancer; 14 cases for colorectal cancer; 6 cases for lung cancer; 8 cases for prostate cancer; and 9 cases for head and neck cancer.

![Cancer survival rates by combined effect of surgeon and hospital caseloads (a) Breast cancer (b) Colorectal cancer (c) Lung cancer (d) Prostate cancer (e) Head and neck cancer.](pone.0040590.g002){#pone-0040590-g002}

10.1371/journal.pone.0040590.t004

###### Cox regression according to hospital volume and surgeon volume (n = 11677).
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  Surgeon volume[‡](#nt109){ref-type="table-fn"}    Provider Caseload                                                              
  ------------------------------------------------ ------------------- ------ ------------ --------- --------- ------ ------------ ---------
  **Female breast cancer**                                                                                                         
  High volume surgeon                                   282/2213        1.00                          53/411    1.24   0.92--1.67    0.155
  Low volume surgeon                                     93/490         1.44   1.14--1.83    0.002    154/843   1.67   1.37--2.05   \<0.001
  **Colorectal cancer**                                                                                                            
  High volume surgeon                                   829/2372        1.00                          192/499   1.22   1.04--1.43    0.012
  Low volume surgeon                                     208/486        1.34   1.15--1.56   \<0.001   426/917   1.53   1.36--1.72   \<0.001
  **Lung cancer**                                                                                                                  
  High volume surgeon                                    84/179         1.00                          152/275   1.10   0.83--1.46    0.517
  Low volume surgeon                                      26/46         1.33   0.85--2.08    0.208    108/155   1.82   1.35--2.46   \<0.001
  **Prostate cancer**                                                                                                              
  High volume surgeon                                    43/188         1.00                          31/101    1.31   0.82--2.09    0.264
  Low volume surgeon                                      30/90         1.19   0.74--1.92    0.478    202/492   1.77   1.25--2.49    0.001
  **Head and neck cancer**                                                                                                         
  High volume surgeon                                    331/981        1.00                          117/305   1.19   0.96--1.47    0.117
  Low volume surgeon                                     108/280        1.06   0.85--1.32    0.633    151/354   1.30   1.07--1.58    0.009

*p* value for adjusted hazard ratios in Cox regression model.

Cutoff point for hospital 65 cases for female breast cancer; 61 cases for colorectal cancer; 62 cases for lung cancer; 41 cases for prostate cancer; and 78 cases for head and neck cancer.

Cutoff point for surgeon volume: 15 cases for female breast cancer; 14 cases for colorectal cancer; 6 cases for lung cancer; 8 cases for prostate cancer; and 9 cases for head and neck cancer.

Adjusted for patients' age, gender, socioeconomic status, urbanization and region of residence, Charlson Comorbidity Index Score, and adjuvant therapy.

10.1371/journal.pone.0040590.t005

###### The adjusted hazard ratios of provider category in different regression model.
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                                              Null model   Model A[†](#nt112){ref-type="table-fn"}   Model B[‡](#nt113){ref-type="table-fn"}         
  ------------------------------------------ ------------ ----------------------------------------- ----------------------------------------- ------ ------------
  **Female Breast Cancer**                                                                                                                           
  High volume surgeon/High volume hospital                                    1                                                                 1    
  High volume surgeon/Low volume hospital                                   1.09                                   0.81--1.47                  1.24   0.92--1.67
  Low volume surgeon/High volume hospital                                   1.58                                   1.25--2.00                  1.44   1.14--1.83
  Low volume surgeon/Low volume hospital                                    1.60                                   1.31--1.95                  1.67   1.37--2.05
  *−2Log Likelihood*                             9552                       9403                                      9204                           
  **Colorectal Cancer**                                                                                                                              
  High volume surgeon/High volume hospital                                    1                                                                 1    
  High volume surgeon/Low volume hospital                                   1.15                                   0.98--1.35                  1.22   1.04--1.43
  Low volume surgeon/High volume hospital                                   1.31                                   1.12--1.52                  1.34   1.15--1.56
  Low volume surgeon/Low volume hospital                                    1.37                                   1.22--1.54                  1.53   1.36--1.72
  −*2Log Likelihood*                            26929                       26723                                     26122                          
  **Lung Cancer**                                                                                                                                    
  High volume surgeon/High volume hospital                                    1                                                                 1    
  High volume surgeon/Low volume hospital                                   1.03                                   0.78--1.37                  1.10   0.83--1.46
  Low volume surgeon/High volume hospital                                   1.36                                   0.87--2.13                  1.33   0.85--2.08
  Low volume surgeon/Low volume hospital                                    1.80                                   1.34--2.43                  1.82   1.35--2.46
  −*2Log Likelihood*                             4534                       4425                                      4375                           
  **Prostate Cancer**                                                                                                                                
  High volume surgeon/High volume hospital                                    1                                                                 1    
  High volume surgeon/Low volume hospital                                   1.34                                   0.84--2.13                  1.31   0.82--2.09
  Low volume surgeon/High volume hospital                                   1.32                                   0.83--2.11                  1.19   0.74--1.92
  Low volume surgeon/Low volume hospital                                    1.78                                   1.27--2.49                  1.77   1.25--2.49
  −*2Log Likelihood*                             4021                       3959                                      3815                           
  **Head and Neck Cancer**                                                                                                                           
  High volume surgeon/High volume hospital                                    1                                                                 1    
  High volume surgeon/Low volume hospital                                   1.17                                   0.94--1.45                  1.19   0.96--1.47
  Low volume surgeon/High volume hospital                                   1.05                                   0.84--1.31                  1.06   0.85--1.32
  Low volume surgeon/Low volume hospital                                    1.25                                   1.03--1.52                  1.30   1.07--1.58
  *−2Log Likelihood*                            10391                       10134                                     10089                          

Abbreviation: HR, hazard ratio; 95% CI, 95% confidence interval.

Adjusted for patients' gender, socioeconomic status, urbanization and region of residence, and adjuvant therapy.

Adjusted for patients' age, Charlson Comorbidity Index Score, gender, socioeconomic status, urbanization and region of residence, and adjuvant therapy.

Propensity Score Analysis {#s3b}
-------------------------

Stratification according to propensity scores and assessment of the combined effects of surgeon and hospital caseloads on survival were performed among the patients treated by high-volume surgeons in high-volume hospitals and low-volume surgeons in low-volume hospitals ([Appendix S2](#pone.0040590.s002){ref-type="supplementary-material"}). [Table 6](#pone-0040590-t006){ref-type="table"} shows the survival rates for both caseload groups after stratification. In most situations, patients treated by high-volume surgeons in high-volume hospitals had higher 5-year survival rates. The p-value for Cochran-Mantel-Haenszel statistics comparing survival rates for low-volume surgeons in low-volume hospitals and high-volume surgeons in high-volume hospitals, controlling for propensity scores, was \<0.001. The patients treated by low-volume surgeons in low-volume hospitals had higher mortality rates. The adjusted 5-year survival rates for patients treated by low-volume surgeons in low-volume hospitals were lower than patients treated by high-volume surgeons in high-volume hospitals.

10.1371/journal.pone.0040590.t006

###### Adjusted five-year survival rate stratified by tumor.
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  Cancer                  Provider Caseload   *p* value[\*](#nt114){ref-type="table-fn"}   Mantel-Haenszel adjusted odds ratio (95% CI)  
  ---------------------- ------------------- -------------------------------------------- ---------------------------------------------- -------------------
  Female breast cancer          87.5                             81.1                                        \<0.001                      1.65 (1.32--2.06)
  Colorectal cancer             65.1                             53.8                                        \<0.001                      1.64 (1.40--1.92)
  Lung cancer                   50.2                             39.5                                        \<0.001                      1.67 (1.02--2.73)
  Prostate cancer               67.1                             60.8                                        \<0.001                      1.62 (1.07--2.46)
  Head and neck cancer          66.1                             58.4                                         0.001                       1.41 (1.10--1.81)

*p* value for Mantel-Haenszel chi-square test.

In summary, cancer patients treated by low-volume surgeons in low-volume hospitals had poorer survival rates. The result was robust as the survival rates were determined using both the Cox proportional regression model and stratification by propensity scores.

Discussion {#s4}
==========

Patients who underwent treatment by low-volume physicians in low-volume hospitals had lower survival rates. The adjusted hazard ratio ranged from 1.3 in head and neck cancer to 1.8 in lung cancer. This negative association remained statistically significant when analyzed using propensity scores. Payers should conduct some interventions and sponsor quality improvement research.

Benefits have been associated with increased caseloads in the treatment of acute myocardial infarction, transphenoid surgery, shoulder surgery, carotid endarterectomy, etc [@pone.0040590-Thiemann1], [@pone.0040590-Barker1]. The magnitude of the volume-outcome association varied greatly in different procedures [@pone.0040590-Birkmeyer1]. Previous studies have explored the positive association of high physician or hospital volume on cancer survival rates or perioperative mortality and length of stay [@pone.0040590-Gruen1], [@pone.0040590-Goodney1], [@pone.0040590-Bach1], [@pone.0040590-Schrag1], [@pone.0040590-Kee1], [@pone.0040590-Renzulli1]. Several studies from Taiwan have reported the positive association of surgeon caseload or hospital caseload and cancer outcomes [@pone.0040590-Lin1], [@pone.0040590-Chen2], [@pone.0040590-Lien1]. However, only a few studies have reported on the combined effects of physician and hospital caseloads on cancer survival [@pone.0040590-Schrag2]. Our study reported the results of the combined effects of surgeon and hospital caseloads, and the results were validated using two different multivariate analyses.

The quality of the risk-adjustment technique in analyzing administrative information is an important issue [@pone.0040590-Davoli1]. The Cox proportional hazard model was used to evaluate the effect of different combinations of physician and hospital caseloads. Cancer patients treated by low-volume physicians in low-volume hospitals were found to have a higher risk of mortality after adjusting for comorbidities, and other confounding factors. However, there were some differences with regard to age, and clinical condition between different caseload groups. In the second part of our series propensity scores were used to stratify the patients into five groups with similar propensity scores in order to reduce the effects of selection bias between the different caseload groups [@pone.0040590-Rubin1], [@pone.0040590-Rubin2], [@pone.0040590-DAgostino1]. Cancer patients treated by low-volume physicians in low-volume hospitals were found to have poorer outcomes. Differences in the case mix and caring process between high- and low-volume providers may explain some of results we observed [@pone.0040590-Halm1].

In Taiwan, and most other countries, cancer treatment is conducted by a team. In fact, high-volume physicians represent high-volume teams. It is possible that high-volume physicians, who coordinate large experienced teams, including radiation oncologists, hematology oncologists, radiologists, and specialized nurses, are of paramount importance for the treatment of cancer. Several hypotheses for the volume-outcome relationship have been proposed. The "practice makes perfect" concept suggests that increased caseloads may help physicians or hospital staff develop skills and execute treatment procedures more effectively, as is the case with surgical procedures, chemotherapy, irradiation, and manipulation of radiation oncology teletherapy units. Achieving complete excision with a tumor-free margin with regional lymph node dissection is crucial in the treatment of most cancers. A positive surgical margin and regional lymph node metastasis are the most significant predictive factors for breast cancer, lung cancer, colorectal cancer, and oral cancer [@pone.0040590-Soerjomataram1], [@pone.0040590-Hyndman1], [@pone.0040590-Tai1], [@pone.0040590-Woolgar1], [@pone.0040590-Larsen1]. Adequate and well-performed regional lymph node dissection and a successful complete excision of the primary tumor may be the crucial procedures for success in cancer treatment. High-volume surgeons may have the surgical skills and experience necessary to perform these procedures. In treating early-stage breast cancer, Gilligan et al. [@pone.0040590-Gilligan1]. reported that high-volume surgeons were significantly more likely to provide care which adheres to National Institutes of Health recommendations because of the higher volume of axillary lymph node dissection patients who underwent either breast-conserving surgery or mastectomy. High-volume surgeons are more likely to cooperate with fixed hematology oncologists who are familiar with chemotherapy, determining cycles of chemotherapy, choice of chemotherapy regimen, and treatment of complications. The radiation oncologists on a high-volume team may also be more familiar with appropriate radiation doses [@pone.0040590-Lee1].

Adherence to treatment guidelines could be one of the reasons why high-volume providers have better outcomes. High-volume physicians may use effective treatment strategies more often than low-volume physicians [@pone.0040590-Thiemann1]. High-volume surgeons also often adopted multi-disciplinary approaches, while low-volume surgeons were less likely to interact with oncologists or attend multi-disciplinary meetings for breast cancer series [@pone.0040590-StefoskiMikeljevic1]. Combined therapy utilization may also be one of the reasons for better outcomes in high-volume physicians who treated cancer. Low-volume physicians in low-volume hospitals may not follow international treatment guidelines. For cancer treatment, the combined effects of low-volume surgeons and low-volume hospitals reached the highest hazard ratio of 1.8 in lung cancer. Resection of lung cancer and the subsequent intensive care is the corner stone of lung cancer surgery treatment. Lung cancer treatment relies on surgeon experience, hospital hardware and well-trained staff members, which emphasizes the effects and importance of both surgeon and hospital volume [@pone.0040590-Bach1].

Socioeconomic status may affect the patient's choice of hospitals or surgeons through several mechanisms [@pone.0040590-Lee2], [@pone.0040590-Taylor1]. Cancer patients with low SES were more likely to seek medical advice or undergo treatment in regional or district hospitals, and low-caseload hospitals, which were negative prognostic factors in cancer survival rates [@pone.0040590-Lee2]. This could be due to the unequal distribution of hospital resources. Patients with low SES were more likely to reside in suburban or rural areas in which there were fewer medical centers or large public hospitals. Furthermore, cancer patients with low SES were less likely to choose high-volume providers due to a lack of health care information.

The "selective referral hypothesis" suggests that high-volume physicians may be chosen by healthier patients or patients with early-stage diseases [@pone.0040590-HaroldS1]. It is also possible that high-volume provider are referred sicker patients or patients with advanced stage, which would actually strengthen the results of our study [@pone.0040590-AlRefaie1]. This is true in this dataset. High-volume provider treated cancer patients with higher Charlson Comorbidity Index Score ([Table 1](#pone-0040590-t001){ref-type="table"}).

How could our findings be applied to policy intervention? First, it may be beneficial to limit the performance of cancer surgery to medical centers or high-volume providers. This approach had been endorsed by a number of researchers [@pone.0040590-Luft1], [@pone.0040590-Grumbach1], [@pone.0040590-Hillner1]. Second, research organizations and payers, such as the Bureau of National Health Insurance, may sponsor clinical quality improvement research to identify care and treatment strategy differences between providers with different caseloads. Treatment strategies of high-volume surgeons in high-volume hospitals may be analyzed and put into practice in other areas around the country in order to improve survival rates. Third, for high-volume physicians, payers may encourage them, or consider using incentive measures, to serve as expert consultants to low-volume physicians in low-volume hospitals in order to improve healthcare quality and survival rates. Fourth, public interventions, such as treatment guidelines or quality of care reports for hospitals could be offered to cancer patients, especially for those in low SES or in suburban/rural areas. Fifth, quality improvement in cancer care, such as multidisciplinary conferences, implementation of institutional governance procedures, and standardization of cancer-care, could be conducted in low-volume hospitals [@pone.0040590-Becher1], [@pone.0040590-Scott1]. However, we have to know that encouraging payer to reward or punish hospitals and surgeons is a double edge sword. One third to one half cancer patients in this study were treated by low-volume surgeons or hospitals. Shifting cancer resection from low to high provider may destabilize low and rural hospitals and surgeons.

Our study has several limitations. First, the relationship of the stages of the different cancers and provider caseloads could not be assessed because cancer stage data was not included in the database. However, Begg et al. revealed that cancer stage and patient age were independent of caseload volume in a SEER-Medicare linked database [@pone.0040590-Begg1]. Second, using surgeon volume as a surrogate may have some limitation. The appearance of a low volume surgeon may be attributed to that some surgeons operate in more than one hospital. Among the National Health Insurance system in Taiwan, this phenomenon is rare. Third, the observed variation may be attributed to coding errors or code creeping, and the information on postoperative complications, length of hospital stay and re-admission rates may be added in the further studies [@pone.0040590-Virnig1]. Fourth, instead of cancer-specific survival rates, the overall survival rate was used. But, Roohan et al. reported no significant difference between survival models for overall survival and breast cancer-specific survival rates [@pone.0040590-Roohan1]. Fifth, the extreme high volume provider may have negative effect. However, we used dichotomized volume for analysis which prevented us to answer this question. Another limitation of our study is the issue of over-fitting when we established cutoffs by the previous methods [@pone.0040590-Lin1]. A better method such as taking a random sample of 25--50% of the cancer patients in the database and apply this methodology used to determine the cutoffs for each cancer for low and high volumes, and then validate the methodology and cutoffs by examining the remaining cancer patients with those cutoffs. Given the robust magnitude of the effects and statistical significance of the effects in this study; however, these limitations are unlikely to compromise our results.

In summary, our findings provide support for the combined effects of surgeon and hospital caseload volume with regard to survival outcomes for major cancers. After analysis via the Cox proportional hazard model and propensity scores, there was a clear association between low-volume surgeons in low-volume hospitals and poorer 5-year survival rates. Treatment strategies adopted by high-volume physicians may be further analyzed and utilized to improve overall survival rates of cancer patients. Payers may encourage low-volume physicians to participate in more training workshops and follow cancer treatment guidelines in order to improve patients' survival rates.
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